The fabrication of Schottky diodes withstanding breakdown voltages up to 10 kV is demonstrated. A corresponding electric field of 7.7 MV/cm at the center of the diode is evaluated with the help of a two-dimensional finite elements software. These properties result from a net shallow acceptor concentration below 10 16 cm −3 in the first micrometers of an epitaxial film with optimized crystalline quality and a special oxidizing treatment of its surface, allowing the true dielectric strength of bulk diamond to be revealed. © 2010 American Institute of Physics. ͓doi:10.1063/1.3520140͔
Homoepitaxial diamond has been recognized by Landstrass et al. 1 as the semiconductor having the highest breakdown electric field of at least 20 MV/cm, much larger than in other wide band gap semiconductors. Moreover, its other properties generally exceed those of other semiconductors, such as thermal conductivity, 2 carriers velocity, 3 and mobility. [3] [4] [5] [6] These reasons make diamond a natural choice for high voltage and high power electronic devices. Indeed, a Schottky diode with a 6.7 kV breakdown voltage has already been demonstrated. 7 Another result pertaining to devices withstanding 8 and 12 kV has been published, 8 but with neither evidence of any rectifying behavior nor electric field estimation and with a current density increased by more than one decade as compared to Ref. 7 . Various authors who have also implemented diodes made of a metal deposited on single crystalline diamond layers with boron doping concentration in the range of 10 15 -10 17 cm −3 showed lower limits of the maximum reverse voltage and avalanche breakdown fields not exceeding 4 MV/cm. [9] [10] [11] [12] Higher fields were evidenced only in the case of boron concentrations near 10 18 cm −3 , 1,13,14 which are inappropriate for high voltage operation. Such low breakdown fields may be due to surface ͑or subsurface͒ 15 and interface defects rather than to the bulk properties of the diamond epilayer, since Teraji et al. 16 have recently shown that a surface treatment based on ozone produced by a deep ultraviolet xenon lamp in vacuum ͑vuv, wavelength of 172 nm͒, decreases the reverse current density under 1 kV bias voltage at much smaller values than achieved by any other treatment. To check this hypothesis, new diamond diodes have been fabricated and measured at higher reverse voltages. We show here that such a treatment applied to a diamond epilayer permits to reach breakdown voltages up to 10 kV and corresponding avalanche breakdown fields in the range of 7-9.3 MV/cm beneath the Schottky contact. In the following, growth conditions, cathodoluminescence characterization, and surface treatment are briefly described. Then, the issue of depassivation of boron acceptors is addressed simultaneously with secondary ion mass spectrometry ͑SIMS͒, current-voltage, and capacitance-voltage ͑C-V͒ measurements, the last ones allowing to derive the net doping concentration profile. Finally, high voltage measurements and electric field evaluation are presented and discussed.
Homoepitaxial diamond layers have been prepared on 3 ϫ 3 mm 2 , ͑100͒ oriented Ib substrate, by microwave plasma enhanced chemical vapor deposition in a silica reactor with 4% of CH 4 in hydrogen under a pressure of 30 torr and a temperature of 830°C, without intentional introduction of boron. The roughness of the substrate was measured by atomic force microscopy to be 2-5 nm rms. Checking the crystalline quality of the layer was achieved by cathodoluminescence, described in detail in Ref. 17 , and found comparable to that of the sample analyzed in Ref. 18 . An averaged boron concentration of ͑1.4-2.8͒ ϫ 10 16 cm −3 , due to the residual boron inside the reactor, was derived.
Schottky contacts with a diameter of 150 m have been achieved by gold deposition through holes in a metallic mask on the epilayer surface treated by ozone produced by vuv light as described in Ref. 16 . Four Ti/Au Ohmic contacts were deposited and annealed 1 h at 750°C in the corners of the sample after an acid cleaning of the surface, before vuv ozone treatment and Schottky metallization. Metallic tips were used to connect the measurement set up to the metallic contacts deposited on diamond. The current-voltage I͑V͒ characteristics between two Ohmic contacts have been performed after each I͑V͒ measurements done on the Schottky diodes in order to check that the contacts remain Ohmic and not rectifying. I͑V͒ characteristics of the Schottky diodes have been studied on the one hand at low voltages in the as-grown epilayer, after a first anneal at 750°C 10 min. and a second anneal at 825°C 1 h, both under vacuum, and on the other hand under several kilovolt reverse voltages, without reaching avalanche breakdown. 17 In between each annealing process, Schottky metal deposits are removed by chemical treatment, and then deposited again after a new vuv ozone treatment. After each anneal, the current level increases in the whole voltage range, both in forward and reverse bias. 17 As the hydrogen concentration in the as-grown epilayer initially amounted up to 8 ϫ 10 19 cm −3 , above the SIMS detection limit of ϳ10 19 cm −3 as shown in Fig. 1 , the subsequent anneals have depassivated the boron acceptors which were previously passivated by hydrogen, like found in Refs. 7 and 19. It is statistically probable that BH complexes leading to deep levels 20 can form readily when the concentration of hydrogen is more than three orders of magnitude larger than that of boron, even if the growth temperature is above that known for BH pairs dissociation when the concentration of the two species are of same magnitude. 21 Then, the net ionized acceptor concentration increased as well as the electric field in the space charge zone, inducing an increase of the current levels. Moreover, the potential barrier height grew by about 1 V after the second anneal. This fact was not expected if the Fermi level position would have stayed the same because of an unchanged metal-diamond interface. But it is known that hydrogen trapped into the subsurface atomic layers of diamond induces an electrical dipole which decreases the effective barrier height by about 1 V, 22 as found experimentally here again. Consequently, one must conclude that the second anneal has decreased the subsurface hydrogen concentration.
Only after the second anneal, it became possible to probe the depletion zone thickness and net ionized acceptor charge by C-V measurements. They were performed with an Agilent E4980A bridge at a frequency of 1.2 kHz and a temperature of 400 K, well below the cut-off frequency of the diode, with the help of a special circuit and external source allowing dc biasing up to 800 V. The width w of the space charge zone ͑and therefore the probed depth͒ was deduced from r 0 / C where r and 0 are, respectively, the relative and vacuum permittivity, and C the capacitance per unit area. The net acceptor concentration N A − N D was then calculated from C 3 / ͑e r 0 dC / dV͒ where e is the elementary charge and V the applied reverse voltage, for w between 0.6 and 7.7 m, as displayed in Fig. 1 . The net acceptor concentration appears as not constant, fluctuating between 2.5ϫ 10 14 and 4 ϫ 10 15 cm −3 , because of a residual passivation of boron by hydrogen in the first 6 m of the epilayer. Then, it reaches 3 ϫ 10 16 cm −3 between depths of 6.7 and 7.7 m. If an average value is calculated from the surface down to the epilayer thickness which is 13.6 m, as deduced from SIMS measurements performed for H and N atomic masses ͑Fig. 1͒, it compares very well with the boron concentration deduced from the cathodoluminescence experiment. Then, the net acceptor concentration will be assumed to keep the same level of 3 ϫ 10 16 cm −3 from a depth of 6.7 m down to the interface with the Ib substrate.
The current-voltage characteristics of several diodes were investigated with the help of four different experimental setups which provided increasing maximum voltages along five runs which took place in a period of 15 months after the last sample processing. In the two first attempts, the voltage was limited to 1 kV and it is important to notice that about half the diodes displayed the same characteristic as in Ref. 16 with a negligible dispersion, even nine months after the last vuv ozone treatment and Schottky metallization. The third test was performed in air, and displayed a breakdown at 5.5 kV, 17 resulting from disruption between the metallic tips used for contacting the Schottky and Ohmic dots on the sample. The fourth test was performed in vacuum on the same diode, ten months after fabrication, and displayed an avalanche breakdown at 7.5 kV ͓Fig. 2͑a͔͒ with current densities comparable to that given in Ref. 7 . A fifth measurement run was performed in the same setup, 13 months after fabrication, on an other diode which withdrew almost 10 kV before avalanche breakdown ͓Figs. 2͑b͒ and 2͑c͔͒. In this last case, higher current densities presumably resulted from pollution of the diamond surface by metallic dust outside the Schottky contact, which took place under vacuum and high electric fields, because of redeposition of the silver paste used to stick the sample on the ceramic holder, as it was visible from optical inspection. Meanwhile, these surface modifications did not affect the breakdown electric field.
Integrating e͑N A − N D ͒ / ͑ r 0 ͒ along the depth w gives the maximum field reached at the metal-diamond interface in a one-dimensional model, and yields 7.3 and 9.3 MV/cm, respectively, at reverse voltages of 7.5 and 9.8 kV. But the second value is obtained together with a depletion zone thickness which exceeds that of the epilayer, casting some doubt on it. This is the reason for using two-dimensional simulations, achieved with the software "SENTAURUS TCAD" 23 and the parameters deduced from the diode geometry and doping profile, leading, respectively, to 7.2 and 7.7 MV/cm at the center of the diode, and more than 20 MV/cm at the edge of the Schottky dot. But this last value is less reliable than values at the diode center because field enhancement at the diode edge depends on the precise geometry, conductivity, and dielectric permittivity of each material, 24, 25 not accurately known. It must be noticed that the voltage drop induced by the serial resistance of the Schottky diode leads to an overestimation of the electric field equal or lower than 2.5%. Recently, Rashid et al. 26 estimated values of diamond impact ionization coefficients via extrapolation from silicon and silicon carbide based on the band gap of diamond. Using their parameters in our simulation, the breakdown voltage of the structure reported here leads to an underestimated value of 1 kV showing that these parameters are not accurate for such breakdown voltage estimations.
However, the low net doping concentration due to residual passivation by hydrogen close to the surface remains a decisive factor which limits the electric field. Moreover, the oxygen terminated coating resulting from vuv ozone treatment is believed to be useful both for passivating electrically the bare diamond surface outside the Schottky contacts and preventing carbide formation at the metal diamond interface, which would otherwise generate detrimental defects. This treatment is able to reveal the true dielectric strength of bulk diamond. The record values obtained here were not possible with other surface processing.
According to the results and analysis presented in this study, it can be concluded that diamond homoepitaxial layers are able to withstand electric fields in the range predicted in Ref. 1 before avalanche breakdown, far higher than those known in all other semiconductors, provided an oxidation process of the surface resulting in superior electrical and chemical passivations efficiencies has been applied. These findings open the route for implementing high voltage diodes and other unipolar electronic devices.
